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Abstract —While laser and incisional refractive surgery offer the promise to correct visual refractive errors permanently 
and predictably, variability and complications continue to hinder wide-spread acceptance. To explain variations, recent 
studies have focused on the role of corneal wound healing in modulating refractive outcomes. As our understanding of 
the corneal response to refractive surgery broadens, it has become apparent that the response of one cell, the corneal stro¬ 
mal keratocyte, plays a pivotal role in defining the results of refractive surgery. Studies reviewed herein demonstrate that 
injury-induced activation and transformation of keratocytes to myofibroblasts control the deposition and organization of 
extracellular matrix in corneal wounds. Myofibroblasts establish an interconnected meshwork of cells and extracellular 
matrix that deposits new matrix and contracts wounds using a novel and unexpected “shoe-string-like” mechanism. 
Transformation of keratocytes to myofibroblasts is induced in culture by transforming growth factor ft (TGF/1) and 
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blocked in vivo by antibodies to TGF/k Overall, myofibroblast appearance in corneal wounds is associated with wound 
contraction and regression following incisional keratotomy and the development of “haze” or increased scattered light fol¬ 
lowing laser photorefractive keratectomy (PRK). By contrast, absence of myofibroblasts is associated with continued 
widening of wound gape and progressive corneal flattening after incisional procedures. Based on these studies, we have 
arrived at the inescapable conclusion that a better understanding of the cellular and molecular biology of this one cell is 
required if refractive surgery is ever to achieve predictable and safe refractive results. © 1999 Elsevier Science Ltd. All 
rights reserved 


1. INTRODUCTION 

Heightened interest in refractive surgery over the 
past 20 years gives testament to the tenacious and 
pervasive view that corneal curvature and refrac¬ 
tive power can be surgically altered predictably 
and permanently. Attempts to develop, refine, 
and perfect surgical approaches to the treatment 
of visual refractive errors has led to the replace¬ 
ment of incisional keratotomy by excimer laser 
photorefractive keratectomy (PRK) and, more 
recently, by laser -in-situ keratomileusis (LASIK). 
While the laser has replaced knives, the predict¬ 
ability and permanency of these refractive pro¬ 
cedures continue to remain in question. In 
considering predictability, the foundation of 
refractive surgery was initially based on the 
simple model that incision or excision of tissue 
produces defined changes in corneal curvature. 
Incisional keratotomy weakens the corneal shell 
causing an outward bulging and concomitant cen¬ 
tral corneal flattening (Knauss et al ., 1981). By 
contrast, PRK removes defined amounts of stro¬ 
mal tissue to sculpt the cornea into a defined and 
predictable surface contour (Puliafito et al., 1987; 
Trokel, 1989). While explaining the acute effects 
of surgery, this view has largely ignored any cor¬ 
neal healing response. In fact when first proposed, 
PRK was thought to result in the formation of a 
pseudo-basement membrane on which the corneal 
epithelium migrated and re-attached without 
further consequence (Fantes et al ., 1990). With 
more extensive research, an awareness of the im¬ 
portance of corneal wound healing in refractive 
surgery has developed. Variations in the wound 
healing now appear to not only underlie the var¬ 
ied refractive results and progressive effect of inci¬ 
sional keratotomy (Garana et al ., 1992; Jester et 
al ., 1992b; Petroll et al ., 1992b) but also deter¬ 
mine regression and complications following 


PRK (Moller-Pedersen et al ., 1998a,b). As our 
understanding of the corneal wound healing re¬ 
sponse broadens, an expanding body of evidence 
suggests that the response of one cell, the corneal 
stromal keratocyte, plays a pivotal role in defin¬ 
ing the visual outcome of refractive surgery. 

Except for its role in corneal development, the 
biology of the corneal keratocyte is largely 
unknown. Structurally and organizationally kera- 
tocytes are large, flat cells with long, broad pro¬ 
cesses that extend and interconnect to adjacent 
keratocytes through functional gap junctions 
(Jester et al ., 1994; Watsky, 1995). They are inter¬ 
spersed between prominent collagen bundles or 
lamellae forming from 50 to 100 layers which 
together comprise the corneal stroma and account 
for 90% of the corneal thickness (Maurice, 1957, 
1962). Corneal keratocytes alone comprise up to 
40% of the stromal volume in newborns; decreas¬ 
ing to 10% in the substantially thicker adult cor¬ 
nea (Kaye, 1969). Ultrastructurally, keratocytes 
contain scant mitochondria and endoplasmic reti¬ 
culum suggesting quiescence, yet contain stacks 
of endoplasmic reticulum, large golgi fields, nu¬ 
merous vesicles and fenestrations suggestive of a 
highly active metabolism (Muller et al ., 1995). 
Functionally, little is known about the keratocyte 
other than its role in development where it is re¬ 
sponsible for synthesizing and organizing the 
stromal extracellular matrix (Hay, 1980). 

While normal corneal keratocytes appear quies¬ 
cent, injury to the cornea induces a series of phe¬ 
notypic changes, which ultimately lead to the 
development of a fibroblastic cell type having 
ultrastructural, biochemical and physiological 
properties of myofibroblasts (Luttrull et al ., 1985; 
Jester et al ., 1987). Myofibroblasts appear to con¬ 
trol the deposition and organization of extracellu¬ 
lar matrix in corneal wounds and are responsible 
for corneal wound contraction. This paper 



Corneal myofibroblasts 


313 


reviews the evidence establishing the transform¬ 
ation of keratocytes to myofibroblasts and the 
role of myofibroblasts in corneal stromal wound 
healing. We propose that it is this transformation 
process and the subsequent physiological activity 
of myofibroblasts that ultimately determine the 
final outcome of refractive surgical procedures. 
Furthermore, we believe that only through under¬ 
standing the cellular and molecular mechanisms 
underlying normal keratocyte function and myofi¬ 
broblast transformation will we ever be able to 
achieve predictable and safe refractive surgical 
results. 


2. THE ROAD TO IDENTIFYING THE 
CORNEAL MYOFIBROBLAST 

Wolter (1958) was the first to demonstrate that 
keratocytes undergo a series of phenotypic 
changes involving the initial retraction of pseudo- 
podial extensions, elongation to spindle shaped, 
migratory cells and the later formation of fibro¬ 
blastic cells in response to corneal wounding. 
Later electron microscopic studies by Matsuda 
and Smelser (1973) and Kuwabara et al. (1976) 
documented the ultrastructural changes in the 
number of mitochondria and the dilation of the 
endoplasmic reticulum associated with the acti¬ 
vation of keratocytes and the commensurate 
increased biosynthetic activity. Because of the im¬ 
portance of transparency to corneal function, 
most studies have understandably focused on the 
biochemical composition, spatial organization 
and size of the newly synthesized tissue in an 
attempt to explain corneal opacification following 
injury and repair (Cintron et al ., 1973, 1978, 
1982). In these studies sparse interest was given to 
the closure of the wound or whether corneal 
wounds contract similar to that which occurs in 
the skin and other vascularized tissues. 

In the skin, the closure and contraction of inci¬ 
sional and excisional wounds has received con¬ 
siderable attention because of the consequent scar 
constriction leading to significant impairment of 
tissue and organ function. Abercrombie et al. 
(1956, 1960) were the first to show that dermal 
wound contraction involved the development of 
tension within the wound bed or granulation tis¬ 


sue that acted to “pull-in” the wound margins, 
suggesting that wound healing fibroblasts had 
structural and functional characteristics similar to 
smooth muscle. Later studies by Gabbiani et al. 
(1971, 1972) and others (Majno et al ., 1971) were 
the first to discover ultrastructural and physio¬ 
logical similarities between wound tissue fibro¬ 
blasts and smooth muscle cells. Electron 
microscopic studies showed that fibroblasts within 
the wound contained prominent intracellular 
microfilament (actin) bundles with electron dense 
bodies similar to that observed in muscle elements 
of smooth muscle cells (Gabbiani et al ., 1971, 
1972). Fibroblasts within the wounds also bound 
antibodies that cross-reacted with smooth muscle 
cells. Later studies showed that this cross-reactiv¬ 
ity was associated with the expression of a vascu¬ 
lar smooth muscle specific isoform of actin, a- 
actin (a-SMA) (Darby et al ., 1990; Desmouliere 
et al ., 1992a). Additionally, granulation tissue 
when loaded on a microforce transducer under 
physiologic conditions showed in vitro contractile 
responses to smooth muscle agonists (Majno et 
al ., 1971; Luttrull et al ., 1985). 

Taken together, the ultrastructural, biochemical 
and physiological data provided convincing evi¬ 
dence that wound healing fibroblasts assume 
smooth muscle-like characteristics during the pro¬ 
cess of wound repair. To distinguish this new 
muscle-like fibroblast phenotype, Gabbiani and 
co-workers coined the term “myofibroblast”. The 
appearance of myofibroblasts in wound tissue is 
now recognized as pervasive. In addition to skin, 
myofibroblast transformation of liver Ito cells are 
thought to play an important role in the develop¬ 
ment of liver cirrhosis (Gressner, 1991). In the 
eye, the presence of myofibroblasts has been 
implicated in the induction of traction retinal 
detachment (Ussmann et al ., 1980). Transfor¬ 
mation of lens epithelial cells to myofibroblasts 
may also be involved in the process of post¬ 
cataract, lens capsule opacification (Hales et al ., 
1994). In the kidney, myofibroblast transform¬ 
ation of mesangial cells may be important in the 
development of glomerulosclerosis (Johnson et 
al ., 1992). 

While the exact role of myofibroblasts in these 
and many other pathologic processes remain to 
be precisely elucidated, it is clear that a diverse 
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array of cells from different embyological origins 
have the propensity to acquire similar phenotypic 
characteristic in response to injury. In the cornea, 
the first indication that the keratocyte developed 
these characteristics was suggested by the early 
studies of incisional wound healing following 
refractive surgery. 


2.1. Incisional Wound Healing in Non-Human and 
Human-Related Primate Eyes 

Incisional keratotomy as first introduced by 
Fyodorov and Durnev (1979) was a modification 
of an earlier procedure by Sato et al. (1953) 
which placed both anterior and posterior (endo¬ 
thelial side) incisional wounds in the peripheral 




Fig. 1. Histopathology of corneal wounds in owl monkey eyes following partial thickness incisional keratotomy at 3 days 
(A), 7 days (B), 14 days (C) and 3 months (D). Arrows indicate wound margins. Sections were stained with hematoxylin 

and eosin. (Original magnification, x230—A, B, and D; x270 C). 
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cornea. Because posterior placement of incisional 
wounds severely damaged the corneal endo¬ 
thelium, many of the patients receiving the earlier 
procedure went on to develop bullous keratopa¬ 
thy (Tanaka et al ., 1980). Although the procedure 
developed by Fyodorov and Durnev only par¬ 
tially incised the anterior cornea, concern was in¬ 
itially focused on potential damage to the corneal 
endothelium. Early studies in non-human pri¬ 
mates identified a small (~10%) but signficant 
loss of corneal endothelium (Jester et al ., 1981; 
Yamaguchi et al ., 1984), and later studies have 
shown this loss not to be progressive or vision 
threatening. 

By contrast, studies of the stromal wound heal¬ 
ing response following incisional keratotomy in 
non-human primate eyes were considered at the 
time to be consistent with previous observations 
of corneal wound repair in various animal 
models. In general, healing of incisional wounds 
was associated with an early sliding of the corneal 
epithelium over the wound margins (Fig. 1A) fol¬ 
lowed by the formation of an epithelial plug 
(Fig. IB) that was replaced by proliferating fibro¬ 
blastic cells (Fig. 1C) leading ultimately to the 
formation of a linear scar (Fig. ID). By trans¬ 
mission electron microscopy healing wounds 
showed the presence of fibroblastic cells contain¬ 
ing increased amount of dilated endoplasmic reti¬ 
culum and the deposition of new connective 
tissue matrix within the wound margins. 

Although these findings reproduced earlier con¬ 
ventional results, clinical and histopathologic cor¬ 
relation between the wound healing response and 
the refractive effect of incisional keratotomy 
suggested an important relationship existed 
between wound gape and refractive effect (Jester 
et al., 1981). By measuring the diopteric power of 
the central cornea in owl monkey eyes, incisional 
keratotomy was shown to produce a marked flat¬ 
tening of the central corneal curvature which 
averaged 4 diopters and 3.25 diopters one month 
after surgery using 16 and 8 incision keratotomy. 
This initial flattening effect was followed by a 
slow regression over six months leaving a residual 
flattening of only 0.5 diopters and 1.0 diopters in 
the 16 and 8 incision keratotomized eyes, repre¬ 
senting a 4 to 8 fold decrease in refractive effect. 
This early flattening and later regression of refrac¬ 


tive effect was correlated histopathologically with 
prominent gape of the wound margins at 3, 7 and 
14 days after surgery followed by marked re¬ 
duction of wound gape at 3 months as detected 
by the separation of Bowman’s membrane 
(Fig. 1A-D, arrows). Measurement of the dis¬ 
tance from the cut ends of the original Bowman’s 
membrane and comparison to the original wound 
gape reaffirmed that significant wound contrac¬ 
ture with re-approximation of the wound margins 
had taken place which correlated with the tem¬ 
poral changes in the refractive effect of incisional 
keratotomy. It was concluded at that time that 
the correlation between the loss in corneal flatten¬ 
ing and the changes in wound gape suggested that 
corneal wound healing resulted in a tendency for 
the cornea to return to its original curvature. 
Flattening following incisional keratotomy was 
then proposed to be due in part to the opening of 
the incision and healing with some residual gape 
between the original edges of the incision result¬ 
ing from deposition of new collagen. Whether a 
similar course of events occurred clinically was 
not known. 

Various pathologic tissue specimens have now 
been examined by light and electron microscopic 
techniques. One of the first cases involved a 
biopsy specimen from a patient who had under¬ 
gone multiple incisional keratotomy procedures 
(Jester et al ., 1983). After receiving circumferen¬ 
tial incisions that transected radial incisions, the 
patient developed broad, grayish-white opacities 
in the superficial stroma along the incision tracts 
(Fig. 2A). These were most prominent at the 
intersections between incisions and appeared to 
encroach into the stroma four to six months after 
surgery. The biopsy revealed the presence of 
retained epithelium within the incised cornea and 
the absence of fibroblast activity or scarring. 
Additionally, the incision margins appeared lined 
by epithelium that had formed an underlying 
basal lamina with hemidesmosomal attachments 
adjacent to the incised stroma. These findings 
suggested that in patients with post-surgical com¬ 
plications that healing of incisional wounds may 
be delayed, incomplete or absent. 

Since this report, penetrating keratoplasty spe¬ 
cimens from failed incisional keratotomy and oc¬ 
casional donor tissue has revealed substantial 
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Fig. 2. (A) Patient who received 16 incision keratotomy with two circumferential incisions. Incisions are marked by the 
presence of grayish-white opacities that appear to encroach into the stroma at the intersections of incisions. (B) Light 
micrograph of radial incision in a case 26 months after surgery. Present within the radial incision is a prominent epithelial 
plug that extends halfway into the corneal stroma. (Original magnification, xlOO). Taken from Jester et al. (1992c, 1983) 

with permission. 


variation in the wound healing response of 
patients following incisional keratotomy (Deg et 
al., 1985; Binder et al., 1987; Glasgow et al., 
1988; Jester et al., 1992c). Some incisions show 
wound healing responses similar to that identified 
in non-human primate eyes with wound closure 
and fibrosis appearing 6 months to one year after 
surgery. Many cases, however, show the persist¬ 
ence of epithelial plugs, which can be remarkable 
years after surgery (Fig. 2B). In general, healing 
of incisional keratotomy appears to extend over 
many years with considerable variation in healing 
rates between individuals, ranging from hyper¬ 
trophic scar formation to persistent non-healing. 
Such variations appear to form a clinical spec¬ 
trum ranging from incomplete healing with per¬ 
sistent wound gape producing gradually 
increasing refractive over-correction (hyperopic 
shift) to hypertrophic scar formation with irregu¬ 
lar astigmatism and loss of refractive effect. While 
these cases may represent pathologic extremes, 
the conclusion that the disparity in the wound 
healing patterns of patients underlies the exceed¬ 
ingly wide predictability of incisional refractive 
results is inescapable. Furthermore, since the dis¬ 
parity of wound healing patterns determines, for 


the most part, the amount of residual wound 
gape, understanding what cellular and molecular 
mechanisms control wound gape is clearly critical 
to understanding the effects and predictability of 
incisional refractive surgery. 


2.2. Characterization of Wound Healing Fibroblasts 

As mentioned above, closure of skin wounds 
was shown by Gabbiani et al. (1971) to involve 
the transformation of dermal fibroblasts to a 
myofibroblast phenotype. However, a similar cell 
type with muscle-like characteristics had not been 
identified in the cornea prior to the development 
of incisional keratotomy. In fact, early attempts 
to identify myofibroblasts in healing corneal 
wounds had been negative (Schachar et al., 1980; 
Jester et al., 1981). Furthermore, since wounds in 
skin were associated with neovascularization and 
since myofibroblasts developed vascular smooth 
muscle-like characteristics with the expression of 
smooth muscle actin, it was not clear in the early 
1980’s whether avascular corneal wounds healed 
by a similar mechanism. In order to address this 
question a detailed study of the morphological, 
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biochemical and physiological characteristic of 
wound healing fibroblasts was undertaken. 

2.2.1. Morphological and biochemical identification 

Using a rabbit wound healing model previously 
developed by Cintron et al. (1973) in which avas¬ 
cular corneal wounds healed by scar formation, 
the transformation of keratocytes to wound heal¬ 
ing fibroblasts was evaluated (Jester et al ., 1987). 
In this model, full thickness trephination wounds 
in the central cornea were initially sealed by the 
formation of a fibrin plug within 4 hours after 


injury. By seven days a loose connective tissue 
matrix containing fibroblastic-like cells (Fig. 3A) 
replaced the fibrin plug. Ultrastructural evalu¬ 
ation of keratocytes adjacent to the wound 
showed a clear transition from normal quiescent 
keratocytes to activated keratocytes containing 
prominent golgi and extensive rough endoplasmic 
reticulum. Cells within the wound however, 
showed the development of an extensive microfi¬ 
lament network closely approximated to the 
plasma membrane within the cortex of the cell. 
Additionally, accumulations of microfilament net¬ 
works were detected at the leading edge of cells 
that were in close association with adjacent cells 



Fig. 3. (A) Central corneal trephination wound in the rabbit eye, 7 days after injury. The wound contains for the most 
part a loose connective matrix with fibroblast (Toluidine blue, original magnification xl62). (B) Frozen section of 7 day 
old wound stained with NBD-phallacidin. Note the marked staining of cells within the wound and the migration pattern 
forming pseudo-lamellar layers. Adjacent to the wound within the corneal stroma (asterisk), NBD-phallacidin fluorescence 
was barely detectable in normal and activated keratocytes. (Original magnification, x250). (C) Transmission electron 
micrograph of corneal wound healing fibroblast 1 month after injury. Note the prominent microfilament bundle contain¬ 
ing electron-dense bodies similar to that observed in stress fibers, smooth muscle cells and skin myofibroblasts. (Uranyl 
acetate and lead citrate, original magnification, xll 000). (D) Response of avascular corneal wound tissue to serotonin (5- 
HT). Note the characteristic contraction response curve and over 100 mg of force generated by the specimen. Relaxation 
was elicited by addition of papaverine (PAP). Asterisk marks time agents were added. Taken from Jester et al. (1987) and 
Luttrull et al. (1985) with permission from the Association for Research in Vision and Ophthalmology. 
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through putative cell-cell junctions. These cell¬ 
cell junctions were similar to the cell-cell junc¬ 
tions previously described by Gabbiani et al. 
(1978) for skin myofibroblasts. 

Using the fluorescent probe NBD-phallacidin, 
a derivative of the mushroom toxin, phalloidin, 
which specifically binds to actin filaments (f-actin) 
and oligomeres of g-actin, confirmed the 
increased appearance of microfilaments. Stained 
frozen sections from wounds at 7 days showed a 
marked increase in NBD-florescence of fibroblas¬ 
tic cells within the wound compared to adjacent 
activated and normal keratocytes (Fig. 3B). This 
staining increased in intensity from 2 weeks to 2 
months after injury. On an ultrastructural level, 
the increased NBD-phallacidin staining was as¬ 
sociated with the organization of cortical microfi¬ 
laments into prominent microfilament bundles 
and arrays (Fig. 3C). The microfilament bundles 
also contained electron-dense bodies similar to 
those observed in smooth muscle cells and skin 
myofibroblasts. Biochemical characterization of 
normal corneal tissue and wound tissue also 
showed grossly similar protein patterns and iso¬ 
electric focusing gels detected predominantly the 
y-isoform of actin, characteristic of non-muscle 
cells. Although no a-SMA was detected in this 
study, contamination of wounds by vascular 
smooth muscle cells seemed unlikely since such 
cells would have to migrate from the limbus to 
the wound through the corneal stroma. 
Furthermore, in so doing, vascular smooth 
muscle cells would have to assume a non-muscle- 
like phenotype similar to keratocytes while in the 
stroma and then reassume a smooth muscle phe¬ 
notype once within the wound. Overall, these 
morphologic and biochemical findings suggested 
that adjacent corneal keratocytes transformed to 
a smooth muscle-like, myofibroblast phenotype in 
response to corneal injury. 

2.2.2. Physiological characteristics 

Since granulation tissue myofibroblasts show 
contractile behavior when stimulated by smooth 
muscle agonists, the ability of corneal myofibro¬ 
blasts to show contractile properties was also 
evaluated. Rabbit corneal tissue, 3 to 4 weeks 


after trephination injury, were removed and 
placed on a microforce transducer under in vitro , 
physiologic conditions. When wound tissue was 
stimulated with epinephrine, norepinephrine, and 
serotonin, there developed a characteristic con¬ 
tractile response in which the wound tissue gener¬ 
ated up to 100 mg of force (Fig. 3D). No 
response was detected to acetylcholine, vasopres¬ 
sin or histamine, all of which elicited contractile 
responses from iris tissue, a possible contaminant 
of the corneal wounds. Furthermore, no contrac¬ 
tile response was detected in tissue from 
unwounded cornea. Overall, these studies indi¬ 
cated that in addition to the morphologic simi¬ 
larities between corneal wound healing fibroblasts 
there were clear physiologic and functional simi¬ 
larities strongly implicating corneal myofibro¬ 
blasts in a wound contractile process. 

2.3. Wound Contraction, Corneal Myofibroblasts and 
Incisional Keratotomy 

Although corneal myofibroblasts could be 
detected in corneal wounds, their relationship to 
wound contraction and the refractive changes fol¬ 
lowing incisional keratotomy remained unclear. 
Three basic models had been proposed to explain 
the refractive effect of incisional keratotomy 
which included; (1) transsection of the ligament 
of Kokott (Kokott, 1938; Fyodorov and Durnev, 
1979, 1981); (2) global stretching of the anterior 
cornea (Schachar et al ., 1981); and (3) peripheral 
corneal weakening with concomitant peripheral 
bulging and central corneal flattening (Knauss et 
al ., 1981). Key to differentiating between these 
hypotheses was the determination of changes in 
wound gape and their correlation to the refractive 
effect. Measurement of wound gape, however, 
was initially limited to conventional histopatholo¬ 
gic observations in which the tissue was excised, 
fixed, sectioned and stained. Unfortunately, the 
processing of tissue induced artifacts caused by 
tissue dehydration and sectioning which made dif¬ 
ficult or impossible the direct correlation of any 
change in wound gape to the refractive results. 
Furthermore, the variability in individual re¬ 
sponses, even in a defined animal model, made it 
difficult to relate any histopathologic data 
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obtained from one eye to the clinical data of 
another. 

In 1986, however, Lemp et al. (1986) published 
the first report on the use of a new, optical micro¬ 
scope using confocal theory which provided 
detailed histopathologic evaluation of the ex vivo 
cornea without the need to excise, fix and section 


tissue specimens. Since this first report, several 
confocal microscopes have been developed and 
used to “optically” section tissue, non-invasively 
rather than using a tissue microtome. [For a 
detailed review see Cavanagh et al. (1995)]. Using 
this form of microscopy it was apparent, for the 
first time, that in vivo histopathologic evaluation 



Fig. 4. Comparison of the normal light microscopic image (A) to in vivo , confocal microscopic image of the corneal epi¬ 
thelium (B), basal lamina (C), and stroma (D). Note that images from the confocal microscope provide an en face orien¬ 
tation to the tissue similar to scanning electron microscopic images. In B, surface epithelial cells appear as broad, flat, 
overlapping cells with brightly reflecting nuclei (arrows). Dark spaces between some cells (arrowheads) suggest irregulari¬ 
ties in the topography of the surface epithelium. In C, the basal lamina shows a variegated appearance with multiple dark 
lines (arrows). Below the basal lamina in C, images of the corneal stroma show brightly reflecting keratocyte nuclei 
(arrows) and occasional nerves (curved arrow). (Original magnification: x240 for A and x230 for B-D) Taken from Jester 
et al. (1992b) with permission from the Association for Research in Vision and Ophthalmology. 
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Fig. 5. Histopathologic micrograph (A) of incised cornea 3 days after keratotomy compared to confocal microscopic 
reconstruction of the wound from a living cat eye (B-D). By 3 days, the surface epithelial sheet has migrated into the cor¬ 
neal incision and lines the cut surfaces of the stroma as seen in cross-section using routine histologic processing (A) and 
the orthogonal cabinet projection (B). In B, single images that comprise the stack can be paged through to reveal details 
of the cells surrounding the wound (C and D). At the surface of the wound (C) the epithelium appears to be elevated 
above that overlying the uncut stroma suggesting localized stromal edema. Deeper into the stroma (D) details of the epi¬ 
thelial cell borders within the epithelial plug can be detected suggesting pooling of fluid around the cells and intercellular 
edema. Between epithelial cells, bright bi-lobed reflections indicate presence of inter-epithelial and stromal inflammatory 
cells (arrows). (Original magnification: A, xl78; B, xl90; and C, D, x260). Taken from Jester et al. (1992b) with per¬ 
mission from the Association for Research in Vision and Ophthalmology. 
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could be made, temporally, over time, in the same 
living eye, and the results directly correlated to 
the clinical findings. Using this form of mi¬ 
croscopy, detailed study of the changes in wound 
gape were made in both a cat and non-human 
primate model of incisional keratotomy and the 
results correlated with histopathological, im- 
munocytochemical and clinical findings (Garana 
et al ., 1992; Jester et al ., 1992b; Petroll et al ., 
1992b). 


2.3.1. In vivo confocal microscopy of corneal wounds 

In the normal cornea in vivo confocal mi¬ 
croscopy detected images from corneal structures 
that prominently reflected light (Fig. 4), including 
the superficial epithelium (B), basal lamina (C) 
and the nuclei of corneal keratocytes and nerve 
bundles (D). Following incisional keratotomy, the 
optical sectioning abilities of the confocal micro¬ 
scope allowed serial imaging of the corneal 



Fig. 6. Histopathologic (A) and in vivo , confocal microscopic images (B-D) of incisional keratotomy wounds 14 days 
after surgery. Confocal images taken of the same wound shown in Figure 5 B-D. Initiation of wound contraction corre¬ 
lated with the in-growth of wound healing fibroblasts between the corneal stroma and the epithelial plug (A, between 
arrows) which was seen by confocal microscopy as a region of reflective cells lining the wound margin (B, between 
arrows). In individual optical slices (C) the subepithelial area adjacent to the corneal stroma appeared to be composed of 
spindle shaped dies (between arrows). Within the epithelial plug, persistence of inflammatory cells was detected (open 
arrow). At the base of the epithelial plug (D) the highly reflective, spindle shaped cells appeared to become more randomly 
oriented (large arrow) while inflammatory cells or degenerative epithelial cells were detected within the basal epithelial 
cells (small arrows). (Original magnification: A, xl78; B, xl90; C, D, x260). Taken from Jester et al. (1992b) with per¬ 
mission from the Association for Research in Vision and Ophthalmology. 
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wounds along the entire length of the incision, 
establishing an in vivo incision profile. In the cat, 
the wound gape at the level of Bowman’s mem¬ 
brane appeared to vary along the length of the 
wound from the central to peripheral cornea. At 
the widest point (approximately 2.4 mm periph¬ 
eral to the beginning of the incision) the wound 
gape measured 135 pm in width immediately after 
surgery. At 3 days, wound gape measured ap¬ 
proximately 203 pm, or an increase of 68 pm in 
width compared to wounds immediately after sur¬ 
gery. Histopathologically, 3-day-old incisional 


wounds in the cat showed migration of the epi¬ 
thelium into the wound similar to that seen in 
non-human primate eyes (Fig. 5A). Using confo- 
cal microscopy, the living wound was three- 
dimensionally reconstructed by stacking and 
manually aligning a series of 2-dimensional 
images that extended approximately 140 pm into 
the living tissue. The reconstruction was then 
rotated to provide a cross-sectional view similar 
to that obtained by conventional histopathology 
(Fig. 5B). In the 3-dimensional reconstruction, 
the epithelial sheet appeared to line separately 



Fig. 7. Histopathologic (A) and confocal microscopic (B-D) images of incisional keratotomy wounds 30 days after sur¬ 
gery. Confocal images were taken of the same incision shown in Fig. 5B-D and Fig. 6B-D. Both the histopathologic (A) 
and the 3-dimensional confocal images (B) show a marked reduction wound gape (between arrows). In the histopathologic 
micrograph the epithelial surface appears invaginated (A, curved arrow), a similar invagination was not seen by confocal 
microscopy (B). In single optical sections (C) the area of wound fibrosis appeared as an irregular network of highly reflec¬ 
tive structures representing either extracellular matrix or fibroblasts. Deeper within the wound (D) individual keratocyte 
cell bodies were seen bordering the wound margin (D, arrow). Taken from Jester et al. (1992b) with permission from the 
Association for Research in Vision and Ophthalmology (Original magnification: A, xl78; B, xl90; C, D, x260). 
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both sides of the stromal wound with a space sep¬ 
arating the two epithelial layers. Individual 
images comprising the 3-dimensional stack 
showed the presence of inflammatory cells (D, 
arrows) and the beginning activation of kerato- 
cytes immediately adjacent to the incision. At this 
time no keratocytes were detected within the mar¬ 
gins of the wound. 

From day 3 to day 7, wound gape continued to 
increase in width to approximately 245 pm at the 
midperiphery. By day 14, however, wounds 
showed a reduction in gape to 198 pm. This re¬ 
duction in wound gape correlated with the repla¬ 
cement of the epithelial plug with wound healing 
fibroblasts as seen by histopathologic and confo- 
cal microscopic examination (Fig. 6A, B, between 
arrows). Adjacent to the epithelium, wound-heal¬ 
ing fibroblasts appeared as spindle-shaped cells 
aligned parallel to the wound margin (Fig. 6C). 
However, deeper within the wound the fibroblasts 
became more irregularly arranged and appeared 
to become interwoven; extending between and 
spanning the wound margins (Fig. 6D, arrow). 
By 30 days after surgery, there was considerable 
reduction in wound gape to 92 pm in width. This 
reduction correlated with the complete loss of the 
epithelial plug and replacement with wound heal¬ 
ing fibroblasts (Fig. 7A, B). Single, confocal sec¬ 
tions showed the wound area to be comprised of 
higly reflective structures (Fig. 7C), that were dif¬ 
ficult to distinguish. Deeper within the wound, 
adjacent keratocytes appeared as an intercon¬ 
nected network that appeared oriented toward 
the wound and possibly interconnected with 
wound healing fibroblasts (Fig. 7D). 

Overall, the confocal measurement of wound 
gape in the cat demonstrated for the first time a 
biphasic healing response with wound gape in¬ 
itially increasing till day 10 and decreasing from 
day 14 to day 30. While edema may explain, in 
part, the development of wound gape, there is no 
clear explanation for increasing edema from day 
0 to day 10 to explain the increasing wound gape 
over this time. Rather, these findings suggested 
that healing of incisional keratotomy was associ¬ 
ated with a distinct non-contractile and contrac¬ 
tile phase, which depended on the presence, or 
absence of wound healing fibroblasts. 


2.3.2. The corneal myofibroblast contractile apparatus 

Although corneal wound healing fibroblasts in 
full thickness wounds appeared to develop 
characteristics of skin myofibroblasts, it remained 
to be determined if the fibroblasts detected during 
the contractile phase of incisional wound healing 
showed similar characteristics. In order to answer 
this question, electron microscopy and fluorescent 
antibody staining to detect the presence and or¬ 
ganization of actin and actin binding proteins 
(Garana et al ., 1992) were used to evaluate inci¬ 
sional wounds from cat eyes. As shown for full 
thickness rabbit corneal wounds, wound-healing 
fibroblasts from feline partial thickness, incisional 
wounds showed development of prominent micro¬ 
filament bundles containing electron dense bodies 
similar to skin myofibroblasts. Additionally, 
fibroblasts, which replaced the epithelial, plug at 
day 14 after surgery showed prominent staining 
by FITC-conjugated phallacidin (Fig. 8E) which 
binds specifically to f-actin, confirming the elec¬ 
tron microscopic results. Interestingly, activated 
keratocytes adjacent to the wound at day 3 to 
day 7 (Fig. 8D) did not stain intensely with phal- 
loidin. These findings indicated that during the 
non-contractile phase of incisional wound heal¬ 
ing, f-actin is predominantly localized to the cor¬ 
neal epithelium. Furthermore, the initiation of the 
contractile phase at day 14 was associated with a 
marked increase in the f-actin organization within 
wound healing fibroblasts, exclusively localized 
within the wound. 

By contrast, fibronectin, which is a prominent 
extracellular matrix constituent of wound tissue, 
appeared to be deposited along the wound edge, 
extending along lamellae, prior to the develop¬ 
ment of actin filaments within activated kerato¬ 
cytes (Fig. 8A, arrow). Additionally, replacement 
of the epithelial plug with wound healing fibro¬ 
blast at the initiation of wound contraction (day 
14) was associated with a random organization of 
fibronectin and f-actin (Fig. 8B, E). By day 30 
both the f-actin and fibronectin organization 
showed a distinct alignment suggestive of a lamel¬ 
lar organization (Fig. 8C, F). Taken together 
these data suggested that the initiation of wound 
contraction correlated with formation of ran¬ 
domly organized intracellular f-actin and extra- 
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Fig. 8. Cat incisional keratotomy at 3 (A, D), 14 (B, E) and 30 (C, F) days after surgery stained with FITC-conjugated 
goat anti-human fibronectin (A-C) and FITC conjugated phallacidin (D-F). Three days after surgery, anti-fibronectin 
antibodies (A) stained the stromal wound edge with staining extending along the stromal lamellae (arrow). At the same 
time, FITC-phallacidin (D) appeared to stain the cortex of the migrating epithelium but only weakly stained adjacent ker- 
atocytes. By day 14, developing fibrotic tissue showed intense staining with both anti-fibronectin (B) and phallacidin (E) 
(arrows). Additionally keratocytes adjacent to the wound showed increased staining but not as intense as that observed in 
fibroblasts within the wound. At day 30, anti-fibronectin (C) and phallacidin (F) appeared organized into parallel bundles. 
(Original magnification, x200). Taken from Garana et al. (1992) with permission from the Association for Research in 

Vision and Ophthalmology. 


cellular fibronectin that became organized along 
parallel lamellar planes during the wound con¬ 
traction process. 

The association between fibronectin and actin 
was further evaluated in this study by staining of 


wounds with antibodies against non-muscle myo¬ 
sin, a-actinin, and a 5 /?i integrin [the high affinity 
fibronectin receptor (Akiyama et al., 1989)]. The 
results of these immunolocalization studies indi¬ 
cate that prominent microfilament bundles pre- 







Corneal myofibroblasts 


325 


sent within wound healing fibroblast contain both 
non-muscle myosin and a-actinin which combine 
to form a smooth muscle-like contractile unit 
similar to stress fibers in cultured fibroblasts. 
Furthermore, the localization of a 5 /?i integrin 
along f-actin bundles indicated that this integral 
membrane receptor linked intracellular microfila¬ 
ments to extracellular fibronectin, forming a puta¬ 
tive contractile structure. As proposed by Welch 
et al. (1990), the data supported the hypothesis 
that interactions between extracellular fibronectin 
and intracellular f-actin, myosin and a-actinin 
mediated by a 5 /?i integrin acted together to “pull- 
in” extracellular matrix to form fibronectin fibrils 
and exert force leading to wound contraction by 
a novel and previously unsuspected “shoe-string” 
tightening mechanisms. 

2.3.3. Temporal changes in wound gape and refractive 
effect in incisional keratotomy 

In order to determine the final role of wound 
healing on incisional refractive surgery, changes 
in wound gape as measured by confocal micro¬ 
scopy were correlated with the changes in kerato- 
metry following surgery in non-human primate 
eyes. As shown for the cat, non-human primate 
eyes exhibited a biphasic wound contractile re¬ 
sponse with increasing wound gape detected from 
day 3 to day 7 and a decreasing wound gape from 
day 14 to 45 (Fig. 9A). Furthermore, decreasing 
wound gape was directly associated with develop¬ 
ment of wound fibrosis and the replacement of 
the epithelial plug. Concurrent measurement of 
corneal curvature in the same eyes detected an 
increasing corneal flattening effect of incisional 
keratotomy from day 3 to day 7 and a progressive 
regression of effect from day 14 to day 45 
(Fig. 9B). Although there was inter-animal vari¬ 
ation, the mean temporal changes in corneal cur¬ 
vature significantly paralleled the changes in 
wound gape (r = — 0.96). 

Extending the findings of the cat to the primate 
and primate to human suggested that the dis¬ 
parity in wound healing shown in pathologic 
cases of incisional keratotomy underlie the vari¬ 
ation in refractive outcomes observed clinically. 
Furthermore, this variation was directly related 


to the appearance and function of one cell, the 
myofibroblast. Specifically, in the absence of the 
myofibroblast (days 0 to 10) there is a slow but 
progressive increase in incision width leading to 
ever greater corneal flattening. After the appear¬ 
ance of myofibroblasts (day 14) there is initiation 
of wound contraction and a re-steeping of the 
cornea. These findings exactly parallel the clinical 
findings in that progressive hyperopia seen in 
20% of patient following incisional keratotomy 
(Waring et al ., 1994) appears to show delayed 
wound healing (Jester et al ., 1992c). It also pre¬ 
dicts that those patient showing a normal wound 
healing response, wound contraction as mediated 
by the myofibroblast will tend to reverse the 
refractive effect explaining regression in these 
eyes. 


3. CORNEAL MYOFIBROBLASTS IN 3 AND 

4 DIMENSIONS 

Thus far, studies of corneal wound healing fol¬ 
lowing partial and full thickness injury had 
focused on explaining the refractive effect of inci¬ 
sional keratotomy and had not addressed the 
basic question of how myofibroblast contract 
wounds. Structurally, myofibroblasts contained a 
putative contractile apparatus comprised intra- 
cellularly of f-actin, non-muscle myosin and a- 
actinin, and extracellularly of fibronectin that 
were potentially linked by the surface membrane 
receptor, a 5 /?i integrin. The appearance of myofi¬ 
broblasts in the wound correlated with wound 
contraction, or the re-apposition of wound mar¬ 
gins, and, under in vitro conditions, the develop¬ 
ment of contractile responses. While these 
morphological, biochemical and physiological 
characteristics suggest that myofibroblasts were 
capable of exerting muscle-like contractile forces 
within wounds, the exact mechanism has yet to 
be determined. In order to begin to address this 
question, we performed 3 and 4-dimensional stu¬ 
dies of the corneal myofibroblast to identify the 
temporal-spatial organization of myofibroblasts 
within wounds. 
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Fig. 9. Temporal changes in (A) wound gape and (B) corneal curvature (K) for individual animals (symbols) and mean 
data (solid lines) after incisional keratotomy. Error bars represent standard error of the mean (n = 5). Taken from Petroll 
et al. (1992b) with permission from the Association for Research Vision and Ophthalmology. 


3.1. Alignment of Contractile Structures During Healing 

Since the microfilament bundles within myofi¬ 
broblasts were thought to exert force within 
wounds, in a contractile model, the forces gener¬ 
ated by f-actin would be directed along the axis 
of the microfilament bundle. Characterization of 
the changes in the 3-dimensional, spatial and tem¬ 
poral organization during healing would therefore 
provide insights into the mechanism of wound 


contraction and highlight the role of the putative 
contractile apparatus. In order to study these or¬ 
ganizational changes, rabbit corneal, full-thick¬ 
ness wounds were stained, en bloc , with FITC- 
phalloidin and the f-actin organization analyzed 
using laser scanning confocal microscopy 
(LSCM). Using en bloc staining and the LSCM 
approach allowed us to analyze the entire wound 
without sectioning the tissue. Using a standard 
tissue sectioning approach, 14-day wounds 
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Fig. 10. (A) Low-magnification cross-section labeled for f-actin (green) and propidium iodide (red) showing light cortical 
f-actin staining of the epithelium, and intense staining of wound healing fibroblasts. (B) Image from a different area in the 
same cross-section as A. It appears in both A and B that the fibroblasts are organized into layers parallel to the wound 
surface. (C) A 14-day en face section, which suggests that the microfilament bundles (arrows) are oriented parallel to the 
long axis of the wound. (D) The f-actin distribution observed using in situ laser scanning confocal microscopy of en bloc- 
stained corneal tissue at 14 days after injury. The improved optical sectioning of LCM reduces the amount of out-of¬ 
focus information contributing to the image as compared to C. Bars: A, 100 pm, C,D, 25 pm. Taken from Petroll et al. 

(1993a) with permission. 


showed fibroblasts organized into layers running 
parallel to the wound surface (Fig. 10A, B). 
Based on the propidium iodide staining of the cell 
nuclei, it was clear that the increase in staining 
was due primarily to increased organization of f- 
actin and not simply an increase in cell numbers. 
When viewed alone, the cross-sectional view of 
these layers led to the misinterpretation that the 
microfilament bundles were oriented directly 
across the wound, or perpendicular to the lateral 
wound margins. However, when wounds were 


sectioned or evaluated by LSCM in the en face 
plane (parallel to the wound surface), thin micro¬ 
filament bundles appeared to be oriented parallel 
to the long axis of the wound and not across 
(Fig. 3C, D). This was exactly opposite to the 
orientation suggested from the cross-sectional 
data and demonstrated the importance of study¬ 
ing 3-dimensional systems using 3-dimensional 
techniques. Importantly, we concluded that cross- 
sectional results were misleading because the 
myofibroblasts organized into layers that gave the 
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Fig. 11. Results of the analysis of microfilament bundle orientation at 10 (A, B and C) and 28 (D, E and F) days after 
injury. (A) The 10-day image of a corneal wound appeared to show bundles oriented at several different angles. (B) The 
Fourier Transform (FT) of image A produced a somewhat circular pattern with two angle bands at 20 and —40° which 
appeared slightly brighter than the rest, most likely corresponding to the parallel groups of stress fibers. (C) Line average 
plot of FT showed two peaks. The orientation index (OI) of 20% demonstrated that there was a slight overall alignment 
of bundles with the long axis of the wound (an OI of 0% = completely random distribution, 100% = completely parallel 
to long axis, —100% = completely perpendicular to the long axis). (D) The day 28 image of the corneal wound showed 
alignment of the bundles almost parallel to the long axis. (E) The FT produced an elliptical pattern, with the major axis 
at 90° to the long axis of the wound. (F) A plot of the line averages of the FT shows a sharp peak near 0°. The resulting 
OI of 56% confirmed that microfilament bundles are more oriented along the long axis than the 10-day image. Bar, 25 

|im. Taken from Petroll et al. (1993a) with permission. 
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appearance of microfilament bundles spanning 
across the wound when viewed from the side. 

Evaluation of microfilament bundles using 3- 
dimensional LSCM showed that the f-actin was 
randomly oriented at day 7 following injury but 
tended to align parallel to the long axis of the 
wound between day 10 (Fig. 11 A) and day 14. By 


28 days (Fig. 11D), the spatial organization 
appeared to be nearly parallel to the long axis of 
the wound. Using Fourier Transform (FT) analy¬ 
sis of microfilament bundle orientation, the or¬ 
ganization of microfilaments was determined. An 
example of this analysis is provided in Fig. 11 for 
images from a 10 day and 28 day wound. In the 


A 



B 



Fig. 12. Temporal change in the mean angle distribution of the FT line averages. A large population of microfilament 
bundles appeared oriented near the long axis (0°) of the wound was observed at all time points. However, ’’side lobes” 
were observed, which progressively decreased in relative magnitude over time. This suggested two separate populations of 
bundles, one oriented parallel to wound and across the wound. (B) A plot of the overall changes in bundle orientation 
(OI) compared to wound gape over time (error bars represent s.d.). OI calculations indicated that the stress fibers were 
randomly oriented at 7 days (OI = — 1.6) and progressively increased in orientation to 28 days after injury (OI = 31.4). 
Wound gape progressively decreased from 708 pm at 3 days after surgery to 130 pm at day 28. Taken from Petroll et al. 

(1993a) with permission. 
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image from the 10 day wound, FT produced a 
somewhat circular pattern with two angle bands 
at 20 and —40° that appeared slightly brighter 
than the rest. This resulted in a line average plot 
with two peaks (Fig. 11C). The orientation index 
(OI) of 20% indicated that there was a slight 
overall alignment of fibers with the long axis of 
the wound. FT analysis of an image from a 28 
day wound produced an elliptical pattern 
(Fig. 11E), with the major axis at 90° to the long 
axis of the wound. A plot of the line averages cal¬ 
culated from the FT showed a sharp peak near 0° 
(Fig. 11F). The higher OI of 56% confirmed that 
the fibers were more aligned with the long axis 
than in the 10-day wound. 

In evaluating the temporal changes in the FT 
line averages (Fig. 12A) from groups of animals 
at different times following injury, it was apparent 
that a large population of microfilament bundles 
oriented near the long axis of the wound at all 
time points. However, “side lobes” were observed 
which progressively decreased in relative magni¬ 
tude over time. This was especially apparent at 
day 7, which suggested that two separate popu¬ 
lations of fibers were present, one oriented along 
the wound, and one across the wound. OI calcu¬ 
lations (Fig. 12B) showed that the microfilament 
bundles were more randomly oriented at day 7 
(OI = — 1.6%) and progressively increased in 
orientation to 28 days (OI = 31.4%). These 
changes in orientation significantly correlated 
with the progressive decrease in wound gape from 
708 pm at 3 days to 130 pm at day 28 
(r = -0.93, P < 0.05). 

Overall, this study demonstrated for the first 
time that microfilaments undergo a temporal re¬ 
orientation during the process of wound healing 
that significantly correlated with the contraction 
of the wound. The orientation pattern also con¬ 
firmed a unique contractile mechanism involved 
in the generation of tension within the wound. As 
shown in Fig. 13, microfilament bundles (stress 
fibers, sf) generate force vectors (Fsf) which run 
parallel to the axis of the bundles and which can 
be broken down into two components: one 
oriented across the wound (F sf,x) and one 
oriented parallel to the wound (F sf,y). Since after 
incisional injury the greatest increase in wound 
gape occurs across the wound, the least resistance 


to shortening of wound gape ocurrs across the 
wound rather than along the wound 
(F cy> >Fcx). Therefore, based on a force bal¬ 
ance analysis, during contraction microfilament 
bundles tend to twist across the wound as they 
contract in response to the differences in resist¬ 
ance. This process would result in closure of the 
wound, as well as a more parallel orientation of 
the bundles along the long axis of the wound, 
comparable to the tightening of a shoelace. 

3.2. Temporal Characteristics of Corneal Myofibroblasts 

Although the above studies indicated that 
microfilament bundles showed a temporal re¬ 
orientation during the process of wound healing, 
little was known about the overall cellular organ¬ 
ization of myofibroblasts within wounds. 
Furthermore, how any organizational structure 
was involved in the temporal translocation of 
force from individual cells to the wound margins 
was not clear. In order to gain better insight into 
this question we evaluated the temporal, 3-dimen¬ 
sional changes in myofibroblast organization 
using in vivo confocal microscopy which provided 
a non-invasive, dynamic, 3-dimensional view of 
the tissue and cell organization (Jester et al ., 
1992a; Petroll et al ., 1992a). 

Using the rabbit model of full-thickness inci¬ 
sional injury, healing of corneal wounds were 
evaluated daily for 2 to 4 days by in vivo confocal 
microscopy prior to sacrifice after injury at day 7, 
14, 21 and 28. In general, keratocytes appeared to 
become activated adjacent to the wound at about 
3 days after injury (Fig. 14A, open arrow). 
Activated keratocytes were detected by their 
increased reflectivity of light, which revealed 
details of the cellular processes that appeared to 
extend toward the wound. Migration of activated 
keratocytes into the wound began around day 4, 
and continued till about day 10 to 14 when the 
anterior portion of the wound was completely 
populated by myofibroblasts. Even at the earliest 
stages of cell migration, activated keratocytes and 
myofibroblasts appeared to maintain cell-cell 
contact through the extension of thin, broadly 
spaced, pseudopodial processes (Fig. 14B, 
arrows). Once inside the wound, myofibroblasts 
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Fig. 13. A sketch of the contractile mechanism by which microfilament bundles (stress fibers, sf) become oriented along 
the long axis of the wound during wound contraction. In this contractile model, bundles generate force parallel to the axis 
of the microfilament bundle. From a biomechanical standpoint the axial force vector (Fs/) can be broken down into two 
components, one oriented across the wound (F sf,x) and one oriented parallel to the wound (F sf,y). Since after incisional 
injury the greatest increase in wound gape occurs across the wound, there is much less resistance to shortening of wound 
gape across the wound than along the wound (F cy> >Fcx). Therefore, during contraction, microfilament bundles tend to 
twist across the wound as they contract in response to the difference in resistance. Taken from Petroll et al. (1993a) with 

permission. 


maintained their interconnected organization but 
the processes appeared to become thicker and 
align more parallel to the wound margins 
(Fig. 14C, arrows). By 28 days, the wound had 
undergone marked contraction and both wound 
margins were visible in the same field of view 
(Fig. 14D, curved arrows). 

Using digital imaging techniques the three- 
dimensional organization of myofibroblasts was 
identified. A series of 10 to 15 optical slices separ¬ 
ated by 4 pm in the z-axis were collected at var¬ 
ious times after injury (Fig. 15). The z-series 
suggested that cells showed an extensive intercon¬ 
nectivity and branching throughout the wound, 
forming a 3-dimensional meshwork. Using immu- 
nofluorescent staining of conventional frozen sec¬ 
tions (Fig. 16) the junctions between 
myofibroblasts showed staining for connexin 43 


(A and B), a gap junction protein (Beyer et al ., 
1989), suggesting that cells within the wound 
were coupled. Additionally, pseudopodial exten¬ 
sions from myofibroblasts toward adjacent kera- 
tocytes at the wound margin also showed staining 
for connexin 43 suggesting that the wound and 
cornea remained physiologically coupled during 
wound healing. Work by Watsky (1995) has 
shown that these connections are functional 
physiologically. 

To assess the temporal changes in myofibro¬ 
blast organization, 3-dimensional data was col¬ 
lected in the same region of the wound at 24- 
hour intervals. Individual cells were first ident¬ 
ified and mapped to nonmoving fiducial points 
such as fixed-edge patterns and later traced, seg¬ 
mented, and reconstructed 3-dimensionally 
(Fig. 17). Using this approach the movement of 
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Fig. 14. In vivo confocal micrographs taken from the same eye at day 3 (A), 7 (B), 10 (C), and 28 (D) showing the wound 
area (W), undamaged stroma (S) and the wound margin (curved arrow). At day 3 (A) the wound margin is lined by epi¬ 
thelium. Adjacent to the stroma, basal epithelial cells (arrows) appear highly reflective, while the in the stroma, note the 
presence of inflammatory cells (arrowheads) and keratocyte nuclei (open arrows) showing early activation and the appear¬ 
ance of the cell body. At day 7 (B) activated keratocytes have migrated into the wound and appear to be interconnected 
by thin cellular processes (arrows). At day 10 (C), cell process (arrows) appear to be thicker and are aligned predomi¬ 
nantly parallel to the wound margin. At day 28 (D) wound contraction has led to near re-apposition of the wound mar¬ 
gins (curved arrows). (Image width = 400 pm) Taken from Jester et al. (1995) with permission of the Cambridge 

University Press. 
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Fig. 15. In vivo confocal z-series of images (A-D) and stereo pair (E and F) of myofibroblasts adjacent to the wound at 7 
days after injury. 2-Dimensional images (A-D) focus from the anterior cornea (A) into the wound (D) showing an exten¬ 
sive, interconnected meshwork of myofibroblasts. The stereo pair, (E and F) more dramatically illustrates this 3-dimen¬ 
sional interconnectivity. (Image width = 400 pm). Taken from Petroll et al. (1993b) with permission from the Royal 

Microscopical Society. 
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Fig. 16. Co-localization of phalloidin staining (A, C) with anti-connexin 43 staining (B,D) in wound fibroblasts, 7 days 
after injury. Fibroblasts in the center of the wound (A, B) and at the wound margin (C, D) showed prominent expression 
of connexin 43. Cells adjacent to the wound (C, D, arrows) also appeared to show positive staining, suggesting intercon¬ 
nection of the wound fibroblasts with adjacent normal keratocytes. (Original magnification, x450). Taken from Jester et 

al. (1995) with permission of the Cambridge University Press. 


individual cells appeared to involve predomi¬ 
nantly cell elongation along and reorientation 
towards the axis of the wound rather than across 
the wound. Furthermore, these findings were 
consistent with the earlier work showing the 
orientation of microfilament bundles toward the 
wound margins. 

Additional co-localization studies (Fig. 18) also 
showed that microfilament bundles, stained with 
phalloidin, co-aligned with extracellular collagen 
type I (A and B) and fibronectin (C and D) which 
were linked by the surface membrane receptor, 
a5/?l integrin (E and F). Overall, these findings 
indicate that wound myofibroblasts establish and 


maintain an interwoven network of coupled cells 
and extracellular matrix, collagen and fibronectin, 
forming a 3-dimensional “shoe string-like” struc¬ 
ture. In such a structure, muscle-like contraction 
of actin filaments results in tightening of the inter¬ 
connected cellular and matrix network similar to 
tightening of a shoe lace. This results in alignment 
of cells, cellular processes and extracellular 
matrix, parallel to the wound margins. 
Importantly, the presence of gap junction-associ¬ 
ated protein and functional gap junctions suggests 
that cell-cell communication may play a critical 
role in regulating the sequence of contractile 
events. 
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Fig. 17. Three-dimensional reconstructions of myofibroblasts were obtained by extracting outlines of cells in individual 2- 
dimensional images prior to volume rendering using the depth gradient shading algorithm in ANALYZE (Medical 
Adventures Inc, Rochester, MN) from day 5 (A), 6 (B) and 7 (C). Movement of cells was determined by aligning separate 
data sets to the wound margin. Line indicates wound margin separating wound from intact stroma as detected in the first 
optical slice. Composite (D) represents an overlay of the wound margins in the volume rendered images showing cell 
elongation (arrow) and reorientation (open arrow). Bar, 200 |im. Taken from Jester et al. (1995) with permission of the 

Cambridge University Press. 


4. THE PROCESS OF CORNEAL 
MYOFIBROBLAST TRANSFORMATION 

In studying myofibroblast transformation, 
many of the characteristics of myofibroblasts 
appeared to be expressed by keratocytes in cul¬ 
ture. Although culture models provided an attrac¬ 
tive alternative to in vivo studies, particularly 
regarding the ease of performing biochemical and 
molecular analyses, it was important to establish 
that the pathway of in vitro myofibroblast trans¬ 
formation was similar to or closely paralleled that 
observed in corneal wounds. In order to establish 
this similarity, we have more clearly identified the 


phenotypic characteristics of the in vivo corneal 
myofibroblast concerning the expression and or¬ 
ganization of muscle proteins and the contractile 
apparatus. Secondly, we have attempted to 
characterize the structural characteristics of the 
normal quiescent keratocyte as relates to organiz¬ 
ation of contractile proteins, including f-actin, 
myosin, a-actinin, fibronectin, and a5/?l integrin. 
We then evaluated several culture models of myo¬ 
fibroblast transformation. We believe that these 
studies clearly establish at least one pathway for 
the induction of myofibroblast transformation of 
corneal keratocytes that appears to mimic the in 
vivo transformation process. 
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Fig. 18. LSCM co-localization of actin filament bundles (red) and extracellular matrix and matrix receptors (green) in 7 
day (A, C, E) and 14 day (B, D, F) rabbit full thickness corneal wounds. AB, co-localization with collagen type I. CD, 
co-localization with fibronectin. EF, co-localization with a5/?l integrin. (Original magnification, x625). 
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Fig. 19. Immunofluorescent staining of 7-day (A, B), 14-day (C, D), and 28-day (E, F) rabbit corneal full-thickness 
wound by monoclonal antibodies specific for human a-SMA. (A) Cells within the anterior part of the wound (arrow) 
show intense staining. (B) En face section from the anterior of the wound (arrow indicates wound margin). Only cells 
within the wound appeared to stain. (C) Cross-section of 14-day wound showing that the entire wound is positive for a- 
SMA. (D) En face sections showed bundles of a-SMA staining, restricted to the wound (arrow indicates wound margin). 
(E) Cross-section of 28-day wound showed staining primarily in the posterior part of the wound and little staining ante¬ 
riorly where the wound has already contracted. (F) En face section from anterior of 28-day wound showed diffuse staining 
of a-SMA, indicating breakdown of stress fibers in the wound. Also at this time point, cells outside the wound margin 
appeared to stain for a-SMA indicating possible migration of cells out of the wound. (Original magnification; A, C, E, 
x52; B, D, F, x720). Taken from Jester et al. (1996) with permission from the Association for Research in Vision and 

Ophthalmology. 


4.1. The In Vivo Myofibroblast Phenotype 

In recent years, the structural features of myofi¬ 
broblasts has been further extended to include the 


expression of a smooth muscle specific protein, a- 
actin (Darby et al ., 1990). Expression of a-SMA 
has been used by various investigators as a chemi¬ 
cal marker for myofibroblast transformation 
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(Desmouliere et al., 1992a,b). Although earlier 
isoelectric focusing studies failed to demonstrate 
the presence of a-SMA, more sensitive analyses 
using monoclonal antibodies specific of a-SMA 
(Skalli et al., 1986) have more recently shown 
that alkali and incisional injury to the cornea are 
associated with expression of a-SMA during 
wound healing (Ishizaki et al., 1994). 

Using these monoclonal antibodies, the tem¬ 
poral expression and localization of a-SMA in 
full-thickness, incisional wounds of the rabbit 
have been established and correlated to wound 
contraction. Expression of a-SMA was first 
detected in wound healing fibroblasts as they 
migrated into the wound as early as day 3 but 
only a few cells were present in the wound at that 
time. By day 7 after injury (Fig. 19A) fibroblasts 
present in the anterior (arrow) wound showed 
intense staining for a-SMA. When tissue blocks 
were sectioned en face , staining of a-SMA 
appeared to be organized into bundles, similar to 
stress fibers, and aligned parallel to the plane of 
the section (Fig. 19B). At 14 days, anti-a-SMA 
staining was present throughout the wound but 
appeared to be confined to within the borders of 
the wound (Fig. 19C, D). From day 28 to 42, 
after most of the wound contraction had 
occurred, anti-a-SMA staining had diminished 
and was limited to the posterior portion of the 


wound (Fig. 19E). The loss of a-SMA staining 
also appeared to be related temporally to the 
breakdown of stress fibers within the wound 
(Fig. 19F). Overall, there was a progressive wave 
of expression of a-SMA, beginning first in the an¬ 
terior wound and progressing posteriorly; exactly 
paralleling the temporal invasion of the wound by 
fibroblasts and the concomitant onset and com¬ 
pletion of wound contraction. 

Interestingly, expression of a-SMA appeared to 
be almost exclusively localized to cells within the 
wound. Fibroblasts adjacent to the wound but 
residing within undamaged corneal stroma con¬ 
tained f-actin stress fibers but did not express a- 
SMA. The strict localization of a-SMA to within 
the wound was further confirmed in DTAF- 
stained corneas where the original corneal stroma 
was stained by the covalently bound fluorescent 
dye, marking the original wound margins 
(Fig. 20A). Staining of a-SMA actin by rhoda- 
mine-conjugated goat anti-mouse IgG showed 
that a-SMA was strictly limited to the wound tis¬ 
sue (Fig. 20B) and was not detected in the intact 
stroma. 

Besides the clear indication that corneal myofi¬ 
broblasts uniquely express a-SMA, the most im¬ 
portant finding concerning the myofibroblast 
transformation process was the unexpected find¬ 
ing that a-SMA expression was exclusively limited 



Fig. 20. (A) Cornea stained with DTAF at the time of injury showed marked fluorescent staining of the wound margin at 
14 days after injury. (B) anti-a-SMA staining showed a-SMA localized strictly to the wound tissue, with no a-SMA stain¬ 
ing adjacent to the wound. Bar = 20 (am. Taken from Jester et al. (1996) with permission from the Association for 

Research in Vision and Ophthalmology. 
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to cells within the wound. Although staining with 
phalloidin identified adjacent cells containing 
stress fibers and microfilament bundles, only 
myofibroblasts within the wound expressed a- 
SMA. This observation supports the hypothesis 


that myofibroblasts are derived from the trans¬ 
formation of adjacent quiescent keratocytes since 
migration of a-SMA containing cells from the 
limbus would have been easily detected. More 
importantly, however, the close association 




Fig. 21. Normal cat cornea cut in (A) cross-section and stained with hematoxylin and eosin and (B) en face section stained 
with gold chloride. In cross-section, keratocytes appear as a sparse population of cells (A, arrows) while in en face section 
keratocytes comprise a network of broad cells that are interconnected by cellular processes (B, open arrows) extending 
from a central cell body containing the nucleus (B, arrows). (Original magnification; A, x512; B, x329). Taken from Jester 
et al. (1994) with permission from the Association for Research in Vision and Ophthalmology. 
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between myofibroblast transformation and the 
newly developing wound tissue suggests that 
specific or unique environmental factors “inside” 


the wound play a critical regulatory role in the 
transformation process. While soluble factors 
such as heparin and TGF/? (Desmouliere et al.. 



Fig. 22. LSCM images of cultured (A) and in situ (B-D) keratocytes stained for the presence of myosin (A, B, D; red), a- 
actinin (A, B; green), f-actin (C, red), vimentin (C, green) and connexin 43 (D, green). In cultured keratocyte (A) myosin 
and a-actinin are localized along f-actin containing stress fibers, but appear to decorate the stress fibers in alternating 
beads. In the in situ keratocyte (B), myosin and a-actinin are co-localized as indicated by the overlapping of red and green 
signals to produce a yellow signal. Co-localization of f-actin and vimentin (C) showing separate red (f-actin) and green 
(vimentin) signals coming from the cell cortex and intracellular cytosol respectively. Co-localization of myosin and con¬ 
nexin 43 (D) shows connexin to be localized to sites of cell-cell contact. Taken from Jester et al. (1994) with permission 

from the Association for Research in Vision and Ophthalmology. 
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1992b, 1993) may induce expression of a-SMA in 
culture, soluble, diffusible factors do not appear 
to act alone in this process. 

4.2. The Keratocyte Phenotype 

Many studies have used tissue culture models 
to define the biosynthesis and functional charac¬ 
teristic of the corneal keratocyte. Normal kerato- 
cytes in culture, however, acquire characteristics 
similar to activated keratocytes and myofibro¬ 
blasts; particularly regarding growth up-regu- 
lation, migration, and development of stress 
fibers. Although there are clear difference between 
tissue culture and wound healing the presence of 
stress fibers, focal contacts containing a5/?l integ- 
rin, and the expression of a-actinin suggests that 
tissue culture results in activation of keratocytes 
that mimics wound healing. To begin to under¬ 
stand myofibroblast transformation, it is then 
first important to differentiate clearly the quies¬ 
cent from the activated wound healing corneal 
keratocyte phenotype. 

First, the normal, quiescent keratocytes, as 
detected by routine histologic processing and sec¬ 
tioning, appear as a sparse population of flat cells 
residing between collagen lamellae (Fig. 21 A, 
arrows). If the corneal tissue is cut en face or 
along the lamellar plane by routine or optical sec¬ 
tioning, the keratocytes show a higher density in 
the anterior cornea immediately below the epi¬ 
thelium than in the middle of the stroma (Muller 
et al. , 1995; Petroll et al ., 1995). Keratocytes also 
appear as broad cells forming an elaborate net¬ 
work of processes that are interconnected (Muller 
et al ., 1995). These cellular processes have been 
shown to be sites of intercellular tight and gap 
junctions (Fig. 21B, open arrows) (Hasty and 
Hay, 1977; Ueda et al ., 1987; Nishida et al ., 
1988). This is in distinct contrasted to the spindle 
shaped, fibroblastic appearance of keratocytes 
grown in culture. 

As mentioned earlier, tissue culture also 
induces the organization of f-actin into stress 
fibers. Localizing along the stress fiber bundles 
are the major actin binding proteins, myosin 
(Fig. 22A, red) and a-actinin (Fig. 22A, green) 
which appear adjacent to each other along the 


stress fiber but do not directly overlap. A similar 
organizational distribution is not detected in nor¬ 
mal keratocytes within tissues. Rather, kerato¬ 
cytes in situ show a cortical distribution of f-actin 
which is directly co-localized with overlapping 
myosin (Fig. 22B, red) and a-actinin (Fig. 22B, 
green). The cortical distribution of f-actin is more 
easily observed when f-actin (Fig. 22C, red) is co¬ 
localized with vimentin (Fig. 22C, green), an in¬ 
termediate filament protein that is located intra- 
cellularly. Keratocytes in culture and in situ also 
show staining for the presence of connexin 43, the 
gap junction protein. However, in situ keratocytes 
show localization of connexin 43 (Fig. 22D, 
green) at defined sites of cell-cell attachment as 
indicated by anti-myosin co-localization 
(Fig. 22D, red). 

Another important difference is the finding that 
the fibronectin receptor, a5/11 integrin, is localized 
to focal adhesion structures at the termini of 
stress fibers in cultured keratocytes, but in a dif¬ 
fuse, punctate staining pattern in in situ kerato¬ 
cytes suggesting the absence of focal adhesion. 
Studies by Masur et al. (1993) indicate that quies¬ 
cent keratocytes do not express a5 integrin which 
is up-regulated when cells are grown in culture. 
The finding of punctate staining in situ probably 
reflects binding of anti-a5/?l antibodies to other 
/?1 integrin containing adhesion structures. 
Additionally, fibronectin is not detected adjacent 
to in situ keratocytes. 

Overall, these findings suggested that in the 
normal keratocyte, f-actin, myosin, and a-actinin 
constitute a major component of the cortical or 
submembranous cytoskeleton. On the other hand, 
culture of keratocytes appears to results in an 
alternation of the normal cell architecture with 
the formation of stress fibers and the development 
of actin binding structures similar to the contrac¬ 
tile apparatus identified in wound healing myofi¬ 
broblasts. These tissue culture induced 
phenotypic changes in the keratocyte appear to 
mimic the in vivo myofibroblast transformation 
process and therefore bring into question the use 
of standard cell culture to study the process of 
keratocyte transformation. 
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Fig. 23. Phase contrast micrographs of rabbit corneal keratocytes cultured for 7 days with (A) 10% serum, (B) serum-free 
or serum-free supplemented with (C) bFGF (10 ng/ml) and (D) TGF^ (1 ng/ml). Bar = 200 pm. Taken from Jester et al. 

(1996) with permission. 


4.3. Induction of Myofibroblast Transformation in 
Cultured Corneal Keratocytes 

Since growth of keratocytes under standard 
culture conditions appeared to mimic, in part, the 
activation of in situ keratocytes to myofibroblasts, 
a question arose as to whether cultured kerato¬ 
cytes exhibited other features of myofibroblast 
transformation. Specifically, a-SM actin ex¬ 
pression has been used as a biochemical marker 


for myofibroblast transformation in other cell cul¬ 
ture systems (Desmouliere et al ., 1992a,b). 

Isolation of quiescent dermal fibroblasts and 
growth under standard culture conditions con¬ 
taining serum has identified a small (1-10%) 
population of cells which express a-SM actin, 
suggesting that fibroblasts are a heterogeneous 
population (Desmouliere et al ., 1992a). Selective 
expansion of a-SM actin positive cells has also 
been demonstrated when cultures are exposed to 
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Fig. 24. Primary rabbit corneal keratocytes cultured in the absence of serum (A and B), or serum-free conditions sup¬ 
plemented with 10 ng/ml bFGF (C and D) or 1 ng/ml TGF^ alone (E and F) and with neutralizing antibodies to TGF^ 
(G and H). Growth factors and antibodies were added 24 h after initiation of culture, grown for a total of 7 days, and 
stained with rhodamine phalloidin (A, C, E, and G) and FITC labeled anti-oc-SM actin (B, D, F, and H). Bar = 50 pm. 

Taken from Jester et al. (1996) with permission. 
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exogenous heparin derivatives (Desmouliere et 
al., 1992b). More recently, a predominantly a- 
SMA expressing population have been selectively 
grown from sparse cultures of keratocytes (Masur 
et al., 1996). However, when primary serum cul¬ 
tured keratocytes were evaluated for the ex¬ 
pression of a-SMA, 10% of keratocytes in culture 
showed expression (Jester et al., 1996). This find¬ 
ing suggested that the keratocyte activation pro¬ 
cess observed in culture also induces, partially, 
myofibroblast transformation based on ex¬ 
pression of a-SMA. 

Attempts to identify culture conditions that did 
not activate keratocytes and induce myofibroblast 
transformation led to the testing of various 
serum-free and defined culture systems. As noted 
above, keratocytes grown in serum containing 
media appeared as spindle shaped, fibroblastic- 
like cells (Fig. 23A). However, when primary ker¬ 
atocytes were isolated under serum-free con¬ 
ditions and cultured in the absence of serum, cells 
showed a dendritic phenotype, having an enlarged 
cell body with multiple, extending and intercon¬ 
necting psuedopodia (Fig. 23B). This morphology 
was similar, if not identical to that observed for 
in situ keratocytes. Furthermore, cells appeared 
to maintain a predominantly cortical organization 
of actin filaments, again similar to in situ kerato¬ 
cytes (Fig. 24A). When serum-free cultured cells 
were stained with antibodies for a-SMA, no stain¬ 
ing was detected (Fig. 24B), nor was protein 
specific for a-SMA detected on western blots. If 
cells were cultured in the presence of bFGF, an 
enlargement of the cell bodies was detected 
(Fig. 23C), along with an increase in the organiz¬ 
ation of actin filaments (Fig. 24C), however, no 
a-SMA expression was detected by immunostain- 
ing (Fig. 24D) or western blotting. By contrast, 
the addition of transforming growth factor beta 
(TGF/?) showed a marked transformation of 
serum-free cultured keratocytes to a fibroblastic 
morphology as shown by phase contrast 
(Fig. 23D). Additionally, TGF/? induced the for¬ 
mation of prominent actin filament bundles 
(Fig. 24E) and the expression of a-SMA as 
detected by both immunostaining (Fig. 24F) and 
western blotting. This response appeared to be 
specific for TGF/? since the simultaneous treat¬ 
ment of serum-free cultured cells with TGF/? and 


blocking antibodies to TGF/? inhibited both the 
organization of actin (Fig. 24G) and the ex¬ 
pression of a-SMA (Fig. 24H). 

These findings led to the conclusion that 
TGF/? was a potent inducer of myofibroblast 
transformation in the corneal keratocyte. Similar 
effects of TGF/1 on a-SM actin expression and 
myofibroblast transformation have been shown 
for various cell types including bovine aortic en¬ 
dothelial cells (Arciniegas et al., 1992), breast 
fibroblasts (Ronnov-Jessen and Petersen, 1993), 
cerebral pericytes (Verbeek et al., 1994), and 
lens epithelium (Hales et al., 1994). Based on 
studies showing the presence of TGF^i specific 
mRNA (Wilson et al., 1992; Nishida et al., 
1995), and protein (Nishida et al., 1994; Wilson 
et al., 1994) in both the corneal epithelium and 
corneal stroma, our results support both para¬ 
crine and autocrine TGF^ response pathways 
involved in the induction of keratocyte trans¬ 
formation. Paracrine signaling by corneal epi¬ 
thelial cells following injury may initially lead to 
the recruitment of stromal keratocytes as 
suggested by the work of Grant et al showing 
that TGF fn is a potent chemoattractant for cor¬ 
neal fibroblast (Grant et al., 1992). Later, auto¬ 
crine mechanisms may up-regulate extracellular 
matrix synthesis (Ohji et al., 1993), down-regu- 
late matrix degradation by inhibiting expression 
of matrix metalloproteinases (Girard et al., 
1991; Fini et al., 1995), and finally initiate 
wound contraction by inducing the expression 
of a-SM actin and the transformation of stro¬ 
mal keratocytes to contractile myofibroblasts. 

4.4. TGF/? Induced Myofibroblast Transformation in the 
Cornea 

Since TGF/? was shown to induce myofibro¬ 
blast transformation in cultured keratocytes, the 
obvious next question concerned the role of 
TGF/? in myofibroblast transformation of kerato¬ 
cytes in the cornea. Previous work by Shah et al. 
(1992, 1994) had demonstrated that blocking anti¬ 
bodies to TGF/? when administered adjacent to 
incisional wounds in the dermis had an inhibitory 
effect on scar formation. Qualitative measure¬ 
ments showed reductions in both monocyte and 
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Fig. 25. Comparison of ex vivo light micrograph (left) with in vivo micrographs taken at various depths from 0 to 80 pm, 

14 days after LK. Taken from Jester et al. (1997) with permission. 


macrophage infiltration, and deposition of fibro- 
nectin, collagen type III and collagen type I fol¬ 
lowing blocking of TGF/f In studies using a 
similar approach, blocking monoclonal antibodies 
(1D11, Celrix Pharmaceuticals) that recognized 
TGF p type 1-3 (Dasch et al., 1989) were topically 
administered to rabbit corneal keratectomy 
wounds immediately after injury. The response of 
the cornea was then evaluated by confocal mi¬ 
croscopy. 

As shown previously by Tuft et al. (1989), kera¬ 
tectomy wounds in the rabbit healed by the depo¬ 
sition of fibrous tissue above the area of injury 
(Fig. 25). Using confocal microscopy, the anterior 
corneal fibrosis appeared as a highly reflective or¬ 
ganization of irregularly arranged cells and extra¬ 
cellular matrix. Focusing through the region of 
fibrosis revealed a more normal appearing stro¬ 


mal organization consisting of regularly arranged 
keratocyte nuclei. The distance between the an¬ 
terior, hyper-reflective region of fibrosis and the 
more posterior, normal stroma was used as a 
measure of the thickness of fibrous tissue. This 
thickness measured approximately 100 pm on 
average in untreated eyes, which significantly cor¬ 
relate with more conventional histologic measure¬ 
ments using DTAF staining (P < 0.025, 
r = 0.627). 

Eyes that received blocking antibodies to 
TGF/? showed a significant reduction in the thick¬ 
ness of corneal fibrosis that was dose dependent 
(Fig. 26). In some eyes, almost no fibrosis was 
detected either by confocal microscopy or histo¬ 
logic examination. Overall, the greatest reduction 
in fibrosis (approximately 50% in this study) was 
obtained using a dose of 50 pg total protein 
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Fig. 26. Comparison of ex vivo light micrograph (left) with in vivo CM image of 14-day LK wound after treatment with 
50 pg/dose 1D11. Note the presence of transected collagen lamellae at the stromal surface (arrow) and normal-appearing 
keratocytes immediately underneath (10 pm, small arrows). Taken from Jester et al. (1997) with permission. 


administer 3 times a day for the first 3 days after 
injury. The reduction in fibrosis measured by con- 
focal microscopy also correlated with a significant 
reduction (P < 0.029) in the deposition of fibro- 
nectin (Fig. 27) as measured by digital imaging 
techniques. 

Overall, these findings were the first quantitat¬ 
ive report to show that blocking antibodies to 
TGF/? significantly reduce corneal fibrosis in vivo. 
They were consistent with the previous work of 
Shah et al. (1992, 1994) who showed similar 
results for skin. What specific effect blocking anti¬ 
bodies have on the binding of TGF/? to kerato- 
cyte TGF/? receptors is not known, although 
localization studies indicated that the blocking 
antibodies are absorbed into the corneal stroma 


and may remain available to block TGF/? for a 
considerable length of time. Once deposited, the 
antibodies could block active TGF/? that is 
released from the corneal stroma (Nishida et al ., 

1994) or synthesized and released by the corneal 
epithelium (Wilson et al ., 1994; Nishida et al ., 

1995) . 

5. MYOFIBROBLASTS, TGF^ AND 
PHOTOREFRACTIVE KERATECTOMY 

(PRK) 

Recently, PRK using excimer laser has received 
increased attention for the correction of refractive 
errors and has essentially replaced incisional kera- 
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Fig. 27. Co-localization of anti-fibronectin staining (an¬ 
terior corneal matrix staining) and nuclear propidium iod¬ 
ide staining (nuclei) in rabbit LK wounds, 56 days after 
treatment with 0 pg/dose (top) and 50 pg/dose ID 11 (bot¬ 
tom). Taken from Jester et al. (1997) with permission. 

totomy procedures. Although current clinical 
results are promising, the variability, regression 
and post-surgical corneal “haze” have hindered the 
universal acceptance of this procedure (Gartry et 
al ., 1992; Brancato et al ., 1993; Dutt et al ., 1994; 
Sher et al ., 1994; Schallhorn et al ., 1996). Recently, 
clinical (Moller-Pedersen et al ., 1997) and exper¬ 
imental (Moller-Pedersen et al ., 1998a) studies 
have been undertaken by Moller-Pedersen et al. to 
identify the role of wound healing in the develop¬ 
ment of these post-operative complications. As 
shown for incisional keratotomy, the myofibro¬ 
blast appears to be responsible for many, if not all, 
of the complications of this surgical procedure. 

5.1. Wound Healing Following PRK 

Recently published, detailed studies in rabbits 
using confocal microscopy have shown that PRK 
results in substantial keratocyte death immedi¬ 


ately after surgery that reaches a depth of over 86 
pm into the stroma. Others (Hanna et al ., 1989; 
Fantes et al ., 1990; Campos et al., 1994) have pre¬ 
viously identified keratocyte death following 
PRK; however, the extent of damage has not 
been previously recognized. Various mechanisms 
have been proposed including thermal (Tsubota 
et al., 1993), mechanical (Kermani and 
Lubatschowski, 1991), and cytokine induced 
(Wilson et al., 1996a,b). Nevertheless, following 
photoablation there is a characteristic and defined 
wound healing response. After injury, adjacent 
keratocytes elongate into spindle shaped cells that 
migrate into and re-populate over the first two 
weeks the remaining acellular, non-photoablated 
region formerly occupied by the dead keratocytes 
(Fig. 28A, arrows). Spindle shaped, migrating 
keratocytes have been previously identified using 
confocal microscopy by various groups (Ichijima 
et al., 1993; Chew et al., 1995). 

When cellular repopulation is complete, mi¬ 
grating keratocytes appear to enlarge, extend 
pseudopodia, and become highly reflective 
(Fig. 28C, arrows). This morphologic phenotype 
appeared similar to that observed for corneal 
myofibroblasts as seen following incisional kera¬ 
totomy (See Figs 6D, 14C and 15). The presence 
of myofibroblasts in PRK was then confirmed by 
immunocytochemistry where fibroblastic cells at 
the wound surface showed prominently organized 
actin filament bundles (Fig. 29A, B) that stain for 
the presence of a-SMA (Fig. 29C, D). 

Brightly reflecting myofibroblasts following 
PRK appear to persist in the wound for the first 
month after surgery, showing a progressive 
decrease in light back scattering over time 
(Fig. 28E, arrows). Interestingly, Moller-Pedersen 
has shown that the appearance of myofibroblasts 
temporally correlates with a marked increase in 
the amount of stromal haze (Moller-Pedersen et 
al., 1998a,b). Furthermore, the disappearance in 
myofibroblast reflectivity also correlates with 
reduced haze in the rabbit eye model. Overall, the 
reflectivity of the myofibroblast, appearing high 
at two weeks and subsiding by 2 to 3 months, 
temporally correlates with the previously 
observed haze in this animal model. 

Additionally, the appearance of myofibroblasts 
is associated with the deposition of new collagen 
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Fig. 28. In vivo morphology of vehicle (left) and anti-TGF^ (right) treated rabbit corneas. Two weeks post-PRK : the den¬ 
sity of repopulating, spindle-shaped keratocytes (arrows) appeared higher in vehicle treated corneas (A) than in anti- 
TGF^ treated corneas (B). Three weeks post-PRK : the anterior stroma of vehicle treated corneas (C) had a high density of 
reflective, stellate cells with rounded, highly reflective nuclei (arrows), suggesting myofibroblast transformation, compared 
to the more normal appearing keratocytes (arrows) in anti-TGF^ treated corneas (D). Two months post-PRK : cellularity 
(arrows) and reflectivity of the anterior stroma had decreased in both groups; however, vehicle treated corneas (E) still 
appeared more disorganised, hyper-cellular, and reflective compared to anti-TGF^ treated corneas (F). Bar indicates 100 
pm. Taken from Moller-Pedersen et al. (1998b) with permission from Oxford University Press. 


tissue above the PRK photoablated stromal sur¬ 
face (Fig. 29A, B). The deposition of this new tis¬ 
sue was associated with a gradual thickening of 
the corneal stroma, such that by 6 months after 
surgery all the tissue lost by photoablation had 
been re-synthesized (Moller-Pedersen et al ., 
1998a). This finding indicated that, at least for 


the rabbit, there is complete regression of refrac¬ 
tive effect as measured by stromal thickness. 

5.2. Role of TGFp in PRK 

Since myofibroblasts transformation appeared 
to participate in post PRK wound healing and 
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Fig. 29. Immunofluorescent staining of rabbit corneas one (A) and two-weeks (B-D) post-PRK showing expression of f- 
actin (stress fibers) and a-SM-actin (marker for myofibroblast transformation) within wound healing keratocytes. (A) 
Pseudocolored image of en face section showing co-localization of f-actin (green) and keratocyte nuclei (red; propidium 
iodide counter-staining). Note that the keratocytes appear extremely elongated and show f-actin organised into prominent 
microfilament bundles, i.e. stress fibers (arrows). Finally, note that adjacent cells show a weak, cortical f-actin organiz¬ 
ation (arrowheads) suggestive of quiescent keratocytes. (B) Cross-section showing intense expression of f-actin in anterior 
wound healing fibroblasts (arrows) as well as in the overlying epithelium (between dotted lines). (C) Same section as B 
showing co-localization of a-SM-actin (arrows). Only wound healing keratocytes within the photoablation zone appear to 
stain for both f-actin and a-SM-actin indicating myofibroblast transformation, while keratocytes below (arrowheads) did 
not stain for a-SM-actin (compare B and C). (D) Pseudocolored image of en face section showing co-localization of f- 
actin (red) and a-SM actin (green). Note that the cells stain intensely for a-SM actin (arrows) and have a more stellate cell 
morphology analogous to the in vivo findings. Bar indicates 25 pm. Taken from Moller-Pedersen et al. (1998b) with per¬ 
mission from Oxford University Press. 


since previous studies have shown that TGF/? is a 
critical regulator of this transformation process, 
the role of TGF/? in regulating myofibroblast 
transformation following PRK was evaluated 
(Moller-Pedersen et al., 1998b). Following PRK, 
rabbits eyes were treated topically with 50 fig of 
blocking antibody (mouse monoclonal 1D11), 
three times a day for 3 days. Within the first week 
after surgery, anti-TGF/1 treated eyes showed a 
marked decrease in the apparent number of spin¬ 
dle shaped, migratory keratocytes compared to 
untreated controls (Fig. 28B, arrows). This 
decrease could be attributed to both inhibition of 
TGF/fs chemotactic (Grant et al., 1992) and 
growth up-regulatory (Ohji et al., 1993; Jester et 
al., 1996) effects. Most remarkable was the obser¬ 
vation that after repopulation of the acellular 


stroma fewer cells appeared to become hyper- 
reflective (Fig. 28D, arrows) and those that did 
showed a more rapid loss and return to a normal 
keratocyte reflectivity (Fig. 28F, arrows). 
Furthermore, corneal “haze” following treatment 
was significantly reduced both in extent (peak 
haze) and duration (time to return to baseline). 

Overall, these observations support the con¬ 
clusion that TGF/1 plays an important role in 
controlling myofibroblast transformation follow¬ 
ing PRK and that blocking antibodies to TGF/1 
can inhibit this transformation process. 
Unfortunately, it was not possible to confirm the 
absence of myofibroblasts in treated eyes since 
treatment with 1D11 interferes with immunocyto- 
chemical localization using mouse monoclonal 
antibodies. Furthermore, TGF/1 mediated myofi- 
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Fig. 30. Fluorescence microscopy of DTAF-stained corneas four months post-PRK. In both vehicle (A,C) and anti-TGF^ 
(B,D) treated corneas, the anterior stroma contained fluorescently stained lamellae, whereas the posterior stroma was 
unstained. In vehicle treated cornea (A,C), there was a non-fluorescent subepithelial band (20-25 pm; corrected for shrink¬ 
age) (arrows) indicating deposition of new, fibrotic extracellular matrix above the photoablated stromal surface (defined as 
stromal fibrosis ). Note the extension of fluorescently stained lamellae (asterisks) into the area of fibrosis (C). In contrast, 
no unstained subepithelial zone was observed in anti-TGF^ treated cornea (B,D). In both vehicle and anti-TGF^ treated 
corneas, very thin (<2 pm), non-fluorescent lamellae (arrowheads) were interwoven with fluorescently stained lamellae 
(A, B, C), suggesting stromal regeneration (growth below the photoablated stromal surface). White bar indicates 100 pm 
in A, B. Black bar indicates 20 pm in C, D. Taken from Moller-Pedersen et al. (1998b) with permission from Oxford 

University Press. 


broblast transformation appears to play an im¬ 
portant role in the development of corneal 
"haze” after PRK. Although recent studies have 
suggested that apoptosis and initial keratocyte 
death may be important regulators of the devel¬ 
opment of corneal "haze” and wound healing 
(Helena et al., 1998), most of the changes 
observed following PRK, i.e. cell migration, 


growth up-regulation, myofibroblast prolifer¬ 
ation, appear to be regulated by TGF/J. Clearly, 
further study is necessary to clarify the exact role 
of apoptosis in this process. 

In addition to the effects of myofibroblasts on 
corneal “haze”, blocking antibodies to TGF/? 
also substantially reduce or abolished the depo¬ 
sition of new extracellular matrix above the 








Corneal myofibroblasts 


351 


photoablated stroma (Fig. 30B, D). Since TGF/? 
up-regulates matrix synthesis this effect was 
expected, and may, in part, explain the decreased 
corneal “haze” following antibody treatment. 
However, detailed measurements by Moller- 
Pedersen failed to show any effect of anti-TGF/? 
treatment on the progressive growth of the cor¬ 
neal stroma after photoablation in the rabbit 
(Moller-Pedersen et al ., 1998b). With the absence 
of fibrosis, there is no known explanation for this 
growth other than by normal stromal mechanisms 
that appear to be TGF/Tindependent. 

Overall, therefore, the findings that have 
recently been published strongly implicate wound 
healing, and, more specifically, myofibroblast 
transformation as the cause of two major compli¬ 
cations associated with PRK. First, the presence 
of myofibroblasts within the wound bed causes a 
marked increase in back scattering from the cor¬ 
nea that is seen clinically as corneal “haze”. 
Second, the appearance of myofibroblasts in the 
wound initiates the deposition of fibrous tissue 
that leads, in part, to thickening of the corneal 
stroma and regression of the refractive effect. 
These studies also demonstrate that the control of 
these cells by the use of blocking antibodies to 
TGF/? significantly reduces the presence of myofi¬ 
broblasts and eliminates at least one compli¬ 
cation, corneal “haze”. 

Extension of these findings in the rabbit to the 
clinical results following PRK in man, is, of 
course, problematical. However, lessons from 
incisional keratotomy indicate that for some 
patients, healing of human PRK may require 
years to decades to accomplish, if it occurs at all. 
In those patients which develop a normal healing 
response, we may expect to see substantial re¬ 
gression with haze. Time will ultimately tell us the 
consequences of failed wound healing in those 
patients who do not regress. Finally, the finding 
that the cornea of the rabbit returns to its pre-op¬ 
erative thickness is remarkable and suggests a 
previously unrecognized, dynamic mechanism 
controlling corneal growth and curvature 
throughout life. We can only speculate on the 
consequences of such a mechanism in the human, 
and its meaning to any form of current or future 
refractive surgery. 


6. FUTURE DIRECTIONS 

This review has presented evidence that impli¬ 
cates the corneal keratocyte and the process of 
keratocyte transformation to a myofibroblast 
phenotype as playing a pivotal role in determin¬ 
ing the outcome of refractive surgery. Although 
myofibroblasts appear to lie at the heart of the 
variable and unpredictable nature of refractive 
surgery, four basic questions remain concerning 
the process of transformation, wound contrac¬ 
tion, corneal “haze” and regression. First, and of 
primary interest, is the elucidation of the cellular 
and molecular events governing myofibroblast 
transformation of the keratocyte. While studies 
have already identified TGF/1 as playing an im¬ 
portant role, the molecular mechanisms by which 
quiescent keratocytes develop a contractile func¬ 
tion have yet to be demonstrated. The unique and 
very finitely localized environment in which myo¬ 
fibroblast transformation takes place suggests 
that growth factors such as TGF/? do not act 
alone but that environmental signals are import¬ 
ant. These signals might include the matrix that is 
deposited by the keratocyte or interaction 
between the cells themselves. Our laboratory has 
recently focused on the generation of mechanical 
signals provided by the extracellular matrix and 
their potential control of contractile protein ex¬ 
pression and organization. Integrins receptors 
have been shown to provide an “ outside-in ”, 
mechotransduction signaling pathway (Wang et 
al ., 1993; Wang and Ingber, 1994) that regulates 
cell shape and gene expression. What signals are 
transmitted to the keratocyte in different matrix 
environments is not known. How integrin-signal- 
ing pathways combine and interact with growth 
factor signaling in myofibroblast transformation 
is not clear. In addition to the matrix, myofibro¬ 
blasts clearly remain interconnected, forming an 
interwoven network within the wound volume. 
Work by Masur et al. (1996) and others (i.e., 
Petridou and Masur, 1996) suggest important 
changes in cell-cell attachment proteins, cadher- 
ins and catenins, may modulate and control these 
interconnection, while controlling the process of 
myofibroblast transformation. What regulates 
cell-cell connections in the wound and how cell¬ 
cell interactions participate in wound contraction 
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are important questions that are only now begin¬ 
ning to be addressed. 

Second, though wound healing studies impli¬ 
cate a muscle-like contractile process in the gener¬ 
ation of the mechanical tension necessary to close 
wounds, what generates this force remains con¬ 
troversial. Past work using cell culture models has 
implicated cellular locomotion in the generation 
of intracellular forces that are transmitted to the 
underlying matrix leading to matrix distortion 
and organization (Harris et al ., 1980). More 
recently, however, studies using an in vitro force 
measurement assay have questioned this model 
(Roy et al ., 1998). Although keratocytes exert 
force on a collagen matrix the process of cell 
translocation dissipates these forces leading to no 
net change in the organization of matrix. If cells 
exert force through a motility based mechanism, 
a paradox then arises where cells must migrate to 
exert force but not migrate to reorganize the 
matrix. Clearly, the continued study of mechan¬ 
ical force generation of cells on relevant extra¬ 
cellular matrices is needed to resolve this seminal 
issue. 

Third, while the appearance of myofibroblasts 
in PRK is related to the development of corneal 
"haze”, the cause for haze is still unknown. Most 
studies have focused on the role of the extracellu¬ 
lar matrix in controlling corneal transparency and 
opacification after injury. However, studies using 
confocal microscopy to detect the back scattering 
and reflecting structures with in the eye show a 
cellular-based pattern to transparency that has 
previously not been recognized. In the corneal 
epithelium, the high expression of two water sol¬ 
uble proteins, transketolase (TKT) and aldehyde 
dehydrogenase class 3 (ALDH3) has been pro¬ 
posed as playing a role in control the cellular 
transparency of the epithelium (Sax et al ., 1996; 
Kays and Piatigorsky, 1997). Whether a similar 
mechanism is present in the keratocytes is cur¬ 
rently under study in our laboratory. 

Finally, the continued growth of the cornea fol¬ 
lowing treatment of PRK with antibodies to 
TGF/? is a perplexing and unexpected finding. 
Fundamentally, this growth suggests that the 
thickness and hence curvature is dynamically 
regulated by an unknown mechanism that is inde¬ 
pendent of TGF/k What is controlling corneal 


growth has important implications in many cor¬ 
neal diseases including refractive errors, astigma¬ 
tism, and keratoconus. Clearly an important 
direction for future work is identifying the mech¬ 
anisms underlying potential maintenance of a 
"normal” corneal thickness. 
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